Introduction
============

Maximizing resection of brain tumor to prevent recurrence while preserving function is a key goal for neurosurgeons, which requires high-precision mapping of the tumor-brain interface. However, optimal surgical resection may be limited by the challenge of differentiating normal healthy brain tissue from that infiltrated by tumor cells [@B1], [@B2]. As a result, resection is invariably incomplete and for glioma, tumor recurrence inevitable. This is further complicated by location of the tumor and its proximity to eloquent structures [@B3]. While techniques of tissue interrogation for resolving the brain-tumor interface are evolving, e.g. Raman spectroscopy [@B4], positron emission tomography (PET) [@B5], MR spectroscopy [@B6] and 5-Ala fluorescence guided surgery [@B7], they are not without significant challenges or limitations (e.g. local properties or low sensitivity). Furthermore, no existing technology or those under development can definitively characterize tumor type or its malignancy grade. A precise diagnosis still relies on a qualitative post-surgical histopathological and genetic characterization. This precludes any immediate action that may have been beneficial during surgery, and also delays the use of other adjuvant treatments where indicated.

The atomic force microscope (AFM) is an important device for studying the mechanical and structural properties of cells that include Young\'s modulus [@B8], [@B9], high-resolution surface imaging [@B10], [@B11], molecular adhesion forces of cellular components [@B12] and even molecular-scale pharmacological interactions [@B13]. Contact-AFM methods have also been described for recording membrane fluctuations of single cells. The first example reported by Pelling *et al.* 2004, described dominant frequency peaks at 1-1.6 kHz for Saccharomyces cerevisiae [@B14]. On the contrary, capturing nanoscopic oscillations from mammalian cells likely at least an order of magnitude lower both in amplitude and power than for yeast has remained a significant challenge to the field. However, recent improvement to manufacturing more sensitive cantilevers has now made it possible to measure fluctuation of soft biological samples. Consequently, fluctuations have now been stated for cultured mammalian cells adherent to a cantilever [@B15], [@B16], and although not tested in these recent studies, confirm vibrational profiling of soft mammalian cells would be possible using existing AFM technology.

Despite capacity to detect nanoscale oscillations from mammalian cells, contact-AFM remains limited to recording fluctuations from a small region of interest (direct interface point between the cantilever tip and sample). This is of particular concern as local mechanical properties vary considerably from point to point across the surface of a cell. Hence fluctuations recorded for classical contact-AFM techniques cannot be representative of properties for the whole cell. Conversely, a contact-free AFM system could examine the complete profile of vibration resonating from a cell and would give a more accurate measure of cell fluctuations. It would also permit the study of nanoscale fluctuations for more complex systems that include tissues and circumvent problems of probing regions of cellular heterogeneity when assessing tumorous tissue. A contact-free AFM technique in liquid media would require the cantilever at a distance to detect sound or oscillatory flow produced from the nanomotion of the biological source in fluid. Importantly, a series of studies have experimentally validated this concept, demonstrating optically trapped nanoparticles are capable of detecting nanoscale vibrations as sound or fluid flows when placed in close proximity to a vibrating particle source or flagellated bacteria [@B17]-[@B19]. Although a more sensitive technique than AFM, accommodating large tissues that would be necessary for clinical interrogation of tumors would be a challenge to currently available optical trapping systems and this was the key deciding factor for pursuing an AFM based approach to interrogating tissues.

The final improvements made to the AFM system detailed in this report were incorporating cantilevers with higher sensitivity and reduced stiffness to published work on mammalian cells to enhance signal-to-noise in our system and improve overall performance. Furthermore, the setup was improved with the inclusion of a spectrum analyzer that allowed the user to assess the whole range of the frequency spectrum being recorded and to direct attention to frequency bands of interest for post-processing analysis. A spectrum analyzer also provides real-time feedback of signals, which is important for rapid characterization of the sample. Using this system we showed that cells and tissue of mammalian origin vibrate with reproducible and distinct frequencies. We have described an example by distinguishing between two anatomically distinct regions of newborn rat brain by both magnitude of fluctuations and vibration spectral patterns. Furthermore, using cultured cancerous cells as an example, we show root mean square (RMS) of oscillations resemble trends of overall mitochondrial respiration activity. Demonstrating application of mitochondrial inhibitors to neuronal cultures leads to a reduction in RMS back to background noise levels supported this relationship.

The clinical potential of this system may be the ability to differentiate various brain tumors (malignant astrocytoma, meningioma) from normal brain (lateral temporal cortex (LTC)) on the basis of their vibration profile. We have also described a method to convert oscillation signals into sound within the frequency range of human hearing. This study presents data and novel concepts that could potentially translate into intelligent interrogation devices for rapid discrimination of tissues and tumors in the operating room

Results
=======

Contact-free AFM spectral analysis of cultured rat brain cells
--------------------------------------------------------------

A main objective of this study was to set up an AFM system capable in recording the nanoscale force fluctuations excited due to vibrations from tissues and cells. To achieve this, we used an AFM setup in the contact-free mode. The complete AFM setup used in our study is detailed in (Fig. [1](#F1){ref-type="fig"}A). A JPK NanoWizard® II AFM (JPK Instruments AG, Germany) was housed in a custom assembled isolation chamber maintaining constant temperature and 5% CO~2~/ 95% atmospheric air levels. Barriers were used to minimize and account for external acoustic and vibrational noise. Post-processing analysis of vibration data was conducted offline. However, the AFM was connected to a spectrum analyzer providing intuitive real-time access to identify samples with vibration patterns to accelerate time required to carry out experimental protocols. For consistency, the system was calibrated before each experiment day. Before each experiment the stiffness of cantilevers (BL-RC-150VB) was confirmed to be comparable to the 0.005 ± 0.0005 N/m stiffness stated by the manufacture (Olympus) (see Methods). Internal baseline vibration in the system was logged as signal recorded from extracellular bath solution (EBS) containing no sample. Fast Fourier Transform (FFT) of the cantilever deflections in the frequency domain revealed some expected mains power interference at 120 Hz and higher harmonics thereof (Fig. [S1](#SM0){ref-type="supplementary-material"}A). These harmonics were filtered out with band-stop filtering (S1B) of the signal and the RMS was compared between filtered (2.88±.16 nm) and unfiltered (2.60±.28 nm), which demonstrated contribution of this interference to RMS in subsequent test was negligible (Fig. [S1](#SM0){ref-type="supplementary-material"}C). Similarly, the effect of modest temperature changes on baseline RMS was examined. A comparison of baseline RMS values recorded at 21ºC (1.25 ± 0.12 nm) and at 37 ºC (1.32 ± 0.04 nm) confirmed small temperature variation has no effect on cantilever probes used (Fig. [S1](#SM0){ref-type="supplementary-material"}D). This was in agreement with Smith *et al.* 1995 [@B20].

The utility of the system was first tested by examining fluctuation of P0 rat hippocampal pyramidal neurons cultured for one or two weeks. Representative images of hippocampal cultures at one and two week in culture are included in Figure [S2](#SM0){ref-type="supplementary-material"}. For each cell culture experiment, the cantilever tip was positioned at \~15 μm from the bottom surface of dishes cell (Fig. [1](#F1){ref-type="fig"}A). Force fluctuations were logged for cells under resting conditions and compared to cells treated with 1 mM cytochrome oxidase inhibitor NaN~3~ to block mitochondrial activity. This experimental paradigm was chosen as that the magnitude of cell oscillations is thought associated to metabolic activity [@B14], [@B15], [@B21]. Representative cantilever deflection traces are depicted in (Fig. [1](#F1){ref-type="fig"}B). Live untreated hippocampal neurons showed an average RMS value of 1.09 ± 0.062 nm (n = 27 neurons) compared to NaN~3~ treated \[0.36 ± 0.038nm (n = 12)\] and empty dish (containing EBS only) \[0.44 ± 0.007 nm (n = 9)\] (Fig. [1](#F1){ref-type="fig"}B-Bar graph). Granular neurons in cerebellar cultures had a similar result (n = 3) (Fig. [S3](#SM0){ref-type="supplementary-material"}). FFTs were performed on each of the recorded signals to identify patterns in the mechanical oscillation. Representative frequency spectrums are shown in (Fig. [1](#F1){ref-type="fig"}C). No dominant peaks were apparent in the frequency range observed for neurons cultured for 1 week (Fig [1](#F1){ref-type="fig"}C), but \~10 % of neurons cultured for 2 weeks demonstrated a \~3.4 Hz major frequency peak (Fig. [1](#F1){ref-type="fig"}D). Interestingly, this result followed the observation that some neurons in cultured networks at resting state spontaneously fire with synchronicity after 2 weeks *in vitro* [@B22], [@B23], and we would expect this frequency to continue to change if cultures were left to grow for longer and allowed to mature [@B24]. Similarly, RMS of cantilever deflections was higher for neurons grown for 2 weeks (n = 3) compared to one-week-old cultures (n = 3) (Fig. [1](#F1){ref-type="fig"}D-Bar graph). These data describe an ultra-sensitive, label- and contact-free method to monitor cellular oscillations in neurons, and demonstrate for the first time neurons in culture vibrate with highly specific frequency.

Region specific vibration analysis of the newborn rat brain
-----------------------------------------------------------

Building on the promising results in neuronal cultures, we next examined force vibrations resonating from tissues that were used for corresponding cell culture preparations. For each experiment approximately 8×10^6^ μm^3^pieces (W, L, H \~ 200 μm each) were excised from hippocampus or cerebellum of newborn rat brains, taking care to maintain consistent tissue dimensions. However, we observed no effect on frequency spectra with modest changes in the tissue volume (Fig. [S4](#SM0){ref-type="supplementary-material"}).

For each tissue vibration experiment, the cantilever tip was positioned at a distance of \~ 15 µm from the bottom surface of the dish and \~ 5 µm laterally displaced from tissue samples at a distance of 15 μm from the tissue (Fig. [1](#F1){ref-type="fig"}A). A sensitivity study implementing the Stokes law of sound attenuation conducted on a range of cantilever-tissue gap distances from contact to 5, 10, and 15 μm with the assumption of Newtonian medium and planar wave propagation occurring from the tissue to the cantilever. Given ![](thnov07p2417i001.jpg), ![](thnov07p2417i002.jpg) and ![](thnov07p2417i003.jpg), constant sound\'s frequency and substituting the Stokes rate (![](thnov07p2417i004.jpg)in ![](thnov07p2417i005.jpg) negligible Stokes rate causes the exponential coefficient to be very close to 1 and therefore no attenuation of the amplitude recorded over the distance. Importantly, experimental tests using the AFM setup for the distances evaluated above (0-15 μm) demonstrated no attenuation to the RMS of the time domain values or a change to frequency patterns for any of the non-contact gap distances when compared to the classical cantilever-sample contact approach (Fig. [S5](#SM0){ref-type="supplementary-material"}). Indeed, confirmation that the experimental setup was detecting planar wave propagation was expected given the ratio of tissue dimensions to the distance between the tissue and cantilever is considerably high. We could confidently rule out spherical wave propagation and dissipation of intensity over the distances and cantilever positioning with respect to sample that is used in this setup.

Using the above parameters for measurement, hippocampal tissue showed a higher basal activity RMS (2.49 ± 0.19 nm, n = 43) of fluctuations (Fig. [2](#F2){ref-type="fig"}B), compared to cerebellum tissue (2.10 ± 0.37 nm, n = 14) (Fig. [2](#F2){ref-type="fig"}D), plus FFT revealed a major peak at \~3.4 Hz in hippocampal tissue, but not in cerebellum (Fig. [2](#F2){ref-type="fig"}A&C). As predicted RMS values for tissues were higher (+ 228 % for hippocampus, + 233 % cerebellum) when compared to cultured neuron deflection RMS data at resting state (P \< 0.001, Tamhane test). No \~3.4 Hz peak was detected in hippocampal tissue fixed with 4% PFA or for a non-biological compound of comparable stiffness to brain tissue (1% agarose gel), nor were RMS values comparable to live tissue in these two cases (Fig. [S6](#SM0){ref-type="supplementary-material"}).

These results confirm that this system is capable of recording vibration force patterns in live *ex-vivo* neural tissue according to brain region with high reproducibility. This method can also identify specific frequency peaks in live tissue that are associated with biological activity which was demonstrated by the \~3.4 Hz major peak observed in rat hippocampus.

Deciphering biological properties of vibration spectral peaks with pharmacology
-------------------------------------------------------------------------------

The next set of experiments explored the potential of our system for studying mechanisms of biological function using pharmacological agents. In the first experiment rapid neuron firing was triggered by transfer of tissues at resting state (EBS only) into a high-K^+^ buffer. High-K^+^ depolarization of hippocampal and cerebellum tissue increased the mean RMS to 3.31 ± 0.503 nm (n = 22) and 2.61 ± 0.289 nm (n = 7) respectively (Fig. [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}C). The \~3.4 Hz major frequency peak remained present in the FFT of depolarized hippocampus, but more interestingly a \~3.4 Hz major frequency peak was now present for depolarized cerebellum that was absent in the resting state (Fig. [2](#F2){ref-type="fig"}C). We next blocked neuronal activity using two pharmacological methods (removal of extracellular Ca^2+^ or incubating tissue with 1μM Tetrodotoxin (TTx)) and studied the effect on tissue vibration. In both conditions the \~3.4 Hz major peak present in the depolarized tissue frequency spectrum disappeared (Fig. [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}C). Similarly, RMS values decreased \[hippocampus; Ca^2+^-free: 1.32 ± 0.21 (n = 8), TTx: 0.97 ± 0.362 nm (n = 22), cerebellum; Ca^2+^-free: 1.42 ± 0.32, TTx: 0.99 ± 0.013 nm (n = 6)\] (Fig. [2](#F2){ref-type="fig"}B and [2](#F2){ref-type="fig"}D). These experiments show a possible connection between the \~3.4 Hz peak and neuronal firing in tissue, and although this result will require further justification using another technique such as electrophysiology, it demonstrates the potential of the system to investigate cellular mechanisms and further clinical importance of the system as a real-time drug testing platform.

Cultured brain tumor cell vibration and mitochondrial respiration
-----------------------------------------------------------------

We next explored the clinical potential of AFM\'s contact-free mode vibration detection by first testing its effectiveness in distinguishing between cancer cell lines. A fast growing glioma cell line (U178, n = 16), slow growing brain tumor initiating cells (BT048, n = 18) and human fetal astrocytes (HFA, n = 18) that is a common control cell line for brain tumor research, were analyzed. FFTs did not reveal any major frequency peaks for any cell type. However, fast growing U178 cells exhibited significantly higher RMS compared to slow growing BT048 and HFA cells (Fig. [3](#F3){ref-type="fig"}D). Accumulating evidence suggests the magnitude of cell fluctuations reflect overall cellular metabolic activity [@B21]. Indeed, we observed significantly reduced RMS values in cultured neurons treated with a mitochondrial inhibitor (Fig. [1](#F1){ref-type="fig"}B). However, a direct correlation between metabolic activity and cellular oscillation in untreated cells has not been confirmed. Therefore, we next performed bioenergetics experiments on each cell line using an FX^e^24 analyzer (Seahorse Biosciences). An example of the experimental workflow and oxidative respiration data that can be acquired is illustrated in Fig. [3](#F3){ref-type="fig"}A. Application of agents targeting the mitochondrial electron transport chain demonstrated U178 cells to be in a higher metabolic state and of have a higher metabolic capacity then BT048 and HFA cells (Fig. [3](#F3){ref-type="fig"}B). However, in this study we were interested in comparing RMS to untreated basal mitochondrial respiration. Untreated U178 cells showed basal metabolic activity, as indicated by oxygen consumption rate of \~200% above other untreated cell lines. No differences were observed in oxygen consumption rates between BT048 and HFA cells (Fig. [3](#F3){ref-type="fig"}C). Importantly, this was in agreement with RMS data (Fig. [3](#F3){ref-type="fig"}D). A direct correlation between cell metabolism and vibration will require testing additional cell-lines and actions of additional metabolic inhibitors on RMS, outside the scope of this preliminary report. We speculate on the potential of contact-free AFM in probing mitochondrial respiration of cancer cells in culture with different growth rates. Future investigations in this area will be of interest in evaluating the utility of this technology in evaluation of cancer aggressiveness or monitoring response of patient cancers to therapy.

Vibration recording from brain tumors and neocortex
---------------------------------------------------

Metabolic characterization of brain tumors may reflect tumor aggressiveness and is important in making effective treatment decisions [@B25], [@B26]. Therefore, tissue vibration analysis may have important diagnostic value as it provides an assessment of metabolic activity in real time. Following our result that indicating a relationship to exist between basal RMS and mitochondrial respiration in untreated tumor cell cultures, we next obtained fresh brain tumor samples from surgical resections and recorded their vibration profile. To evaluate the method, we compared force vibration signals between specimens from three patients with malignant astrocytoma and three with meningioma. Tissue from lateral temporal neocortex taken during the removal of medial temporal lobe epileptic foci, from two patients was used as control. Patient information is detailed in Table [1](#T1){ref-type="table"}. As expected, RMS of fluctuations was significantly greater for the malignant astrocytoma specimens, which are known to be highly metabolically active (Fig. [4](#F4){ref-type="fig"}D). Interestingly, RMS values were consistent between patient tissues for meningiomas and controls, but variance in RMS was observed between malignant astrocytoma tissues (Fig. [4](#F4){ref-type="fig"}A-C). Perhaps, these results are reflective of the heterogenic nature of malignant astrocytoma, often characterized by presence of necrotic foci, and may have been in the samples we have recorded from. Furthermore, given the small sample size in the study, differences in patient age, genetic characterization may also be important factors in the observed RMS variability in astrocytoma samples. While we acknowledge a more direct method to measure the metabolic state of each tissues is necessary to validate these assumptions, it is exciting to speculate that RMS might be useful to indicate brain tumor metabolism in real-time.

Vibrational spectral characterization of brain tumors and neocortex
-------------------------------------------------------------------

We next performed spectral analyses of the brain tumor and cortex tissue vibrations. Meningioma spectra showed a narrow cluster of peaks at 4.23±1.65 Hz (n = 3 patients), whilst malignant astrocytoma showed a group of peaks at (3.65±0.29, 11.01±0.51, 18.48±0.76, 28.29±1.38 & 36.30±0.28 Hz), (n=3 patients) and a distinct cluster of peaks at 3.38±0.29 Hz (n=2 patients) was ascribed to lateral temporal cortex (Fig. [4](#F4){ref-type="fig"}E-G top panels). The frequency peak ranges for meningioma and lateral temporal cortex overlapped. However, meningioma demonstrated a much broader peak cluster compared to the lateral temporal cortex allowing differentiation between these two signals. The frequency bands of these frequency clusters are depicted in normal probability plots (Fig. [S6](#SM0){ref-type="supplementary-material"}). To detect dominant frequency peaks and reduce the background noise, Welch\'s Power Spectral Density function of each force signal was calculated (Fig [4](#F4){ref-type="fig"}E-G middle panels). Welch\'s PSD had the advantage of averaging the signal which enabled us to reduce the effect of noise in power spectrum plots. The Welch parameters were trace mode set to "mean" with a Hamming window. Scatter plots of dominant frequency peaks extracted from Welch\'s plots for each of the tissue specimens are depicted in (Figure [4](#F4){ref-type="fig"}E-G bottom panels). Most importantly, each spectrum profile was consistent between patients with the same class of tumor, confirming tumors demonstrate a unique signature frequency pattern that discriminates brain tumors by type and from lateral temporal cortex tissue by a quantitative measurement.

Acoustic profiling of brain tumors and neocortex
------------------------------------------------

Characterizing cancers by their individual vibration pattern could prove to be an important tool in cancer diagnostics. However, simplifying steps to interpret vibrational spectra results would be necessary for clinical translation of this observation. Therefore we next applied demodulation techniques to convert recorded tissue vibration signals into audible sound [Supplementary Information](#SM0){ref-type="supplementary-material"}; Wave Files: 1-Malignant Glioma, 2-Meningioma and 3-Lateral Temporal Cortex). Since the distinguishing frequency clusters for each of the tumor and cortical tissues were below the audible range, the signals were modulated with an audio frequency-shift keying method (shifting the pitch) at baseband frequencies within the hearing range ([@B27]. This technique alters the pitch of an audio digital signal, so the listener can easily distinguish unique cancer sounds without requiring a high-quality speaker. To avoid clipping, signals were first normalized prior to the modulations. This work describes one plausible way complex vibrational spectral analysis of tumors can be translated into a medium that medical specialists including surgeons, pathologist or technicians could use to interpret and differentiate tumors from healthy brain tissues without extensive training.

Discussion
==========

Surgical resection remains the primary modality of treatment for brain tumors. For many brain tumors, in particular glioma, the differentiation of normal tissue from that infiltrated by tumor remains problematic [@B28], [@B29]. This usually results in incomplete tumor removal, which adversely impacts clinical outcome, as tumor recurrence is inevitable [@B28]-[@B30]. Therefore, tools that enable surgeons to differentiate normal from tumor tissue during surgery, would have considerable clinical relevance. In this study we applied AFM technology in a contact-free mode to measure nanoscale biological vibration from cells and tissues. The results showed a capacity to differentiate malignant astrocytoma from meningioma or lateral temporal cortex based on the vibration pattern (frequency domain behavior). Furthermore, we have converted vibration patterns to sound files to allow for a novel acoustic awareness of abnormal tissue, that if translated to the operating room, could provide a third dimension of *sound*, in addition to *vision* and *touch* during the process of differentiating abnormal from normal tissue in surgery. While this technique was developed for brain tumors, it can be speculated the technique might be used for tumor margins for other systemic cancers.

Research on differentiating cancer tissue from healthy tissue and methods to implement these techniques in the operating room are evolving [@B7], [@B31]. Magnetic resonance elastography studies have shown that local stiffness of cancerous tissue compared to surrounding healthy brain tissue is different and the magnitude of this difference may be an indicator of cancer progression [@B32], [@B33]. At the cellular level, magnetic bead twisting [@B34], [@B35] and optical tweezers [@B36], [@B37] have been implemented to evaluate differences between healthy and cancerous cells [@B38]. Cell stiffness has also been used as a measure for distinguishing metastatic cancer cells *ex-vivo* by contact-mode AFM [@B39], [@B40]. While each of these techniques have shown promise in differentiating tumor and brain cells, the utility of these techniques are greatly limited because they require cells to be probed individually, an impractical proposition during surgery. Moreover, local stiffness values can vary considerably across the surface of cells and tissues [@B41]-[@B43]. However, with the contact-free vibration detection technique, a signal intrinsic to the whole tissue is measured. A more global assessment of the surgical site is therefore possible, as well as the possibility to hone in on cancerous regions of the surgical site. Limitations related to non-uniform biological surfaces are also avoided and profiling highly heterogeneous tumors e.g., malignant astrocytoma [@B44]-[@B46], would be achievable with more broad signal evaluation. Indeed we found variance in biological motion between malignant astrocytoma specimens with contact-free AFM that highlights the potential of the system to evaluate potential tissue heterogeneity. Avoiding problems associated with variable local surface stiffness played a significant role in this accomplishment.

Importantly, it was the additional frequency spectra analysis conducted on recorded fluctuations that separated this technique from predecessor technologies used to probe biophysical properties of cancerous cells and tissues, which allowed us to discriminate tumors and tissues with high reproducibility and accuracy even in the presence of highly heterogeneous tissue regions. The distinctive feature of vibrational analysis makes possible to isolate specific frequency patterns from overall fluctuation recordings that are unique to specific biological processes or tissue types. This turned out to be particularly important for identifying meningioma from healthy tissue, which could not be distinguished by amplitude of fluctuations (RMS). Irrespective of RMS readings, each brain tumor and cortical specimen displayed a remarkably consistent frequency peak signature. Given we have shown a method to convert these vibration signatures into sound, if this technology where translated to the operating room perhaps a surgeon could use this feature in the form of a scanning probe, allowing the removal of tumor tissue until the sound profile of cancerous tissue was no longer apparent. While clinical translation of this concept may not be feasible using the current AFM setup, for a surgeon to interrogate tissue during surgery, devising a self-sensing piezoresistive cantilever assembled on a chip holder at the end effector of a medical robot could be a possibility. Such a device would not only record nanoscale tissue vibration but also resolve problems associated with a bulky AFM setup and potential laser hazards. However, the AFM system in its current form would require setup in a space adjacent to the operating room would provide the surgeon with diagnostic information on the tissue within \~10 minutes. This could be a major improvement to current neurosurgical intraoperative consultation turnaround times for histopathology, which currently range from 30-60 minutes. Furthermore, preliminary histology reports conducted in this timeframe for brain tumors are often inconclusive and provide only a qualitative assessment, whereas vibration profiling is a quantitative measurement that can effectively identify tissue type.

The few reports that have used contact-AFM to measure membrane fluctuations in single cultured cells have implied that amplitude of fluctuations might correlate to cellular metabolism [@B15], [@B21]. Studying metabolism is greatly important in cancer research as cancerous cells maintain a state of high metabolic output in order to sustain uncontrollable cell proliferation and understanding the mechanisms affected might offer ways of treating cancers [@B47]. Accordingly, drugs that target metabolic pathways stopping energy synthesis are known to be very effective chemotherapeutic agents. Tumor metabolic activity is often a reflection of a tumors\' aggressiveness and can be used as a prognostic predictor. Furthermore, measuring metabolism is important for identifying tumors in the body by imaging methods that include fluorodeoxyglucose positron emission tomography (FDG-PET) [@B48]-[@B50].

In this study we evaluated RMS of fluctuations as a possible indicator of cellular metabolism. In agreement with previous AFM studies [@B15], [@B21], RMS was significantly reduced for cells in culture after treatment with the mitochondrial inhibitor, sodium azide. However, similar to previous reports, this method is unable to determine whether fluctuations changes were a reflection of overall metabolism changes or solely the result of inhibiting specific cellular components targeted by the drug. This prompted us to perform bioenergetic experiments on cancerous cell-lines in culture to obtain a quantifiable measurement of overall cell metabolism and reveal whether oxygen consumption rates of untreated cells at basal resting conditions, resembled RMS levels in untreated cells. Indeed this was the case, RMS values for cell-lines resembled the pattern of basal oxygen consumption rate. Importantly, little variance in RMS was observed between samples of the same cell-type, demonstrating high reproducibility of the technique across multiple preparations of cell cultures. We propose cellular vibration could be an important tool for studying metabolism in cancer cell culture models, e.g. monitoring RMS changes of cells in response to drug treatment.

Our preliminary RMS data from tumor and cortical tissue specimens certainly points towards RMS as being a reliable measure of tumor metabolism as results followed the metabolism trends of tumor types tested [@B51], [@B52]. Although we do acknowledge future work must be done to confirm RMS is indicative of metabolism at the tissue level, it is exciting to envision use of this technology not only can provide information on tumor type by unique vibration frequency pattern but might also indicate the metabolic state of a tumor.

Vibrational recording might also prove a useful technique in studying healthy brain function and neural networks. In the rat brain, neuronal firing rates differ substantially between brain regions and development. In newborn rats, the hippocampus is intrinsically more active than the cerebellum as a function of limited neuronal architecture at this time point in the cerebellum whereas some of the pyramidal cell circuitry in the hippocampus is established [@B53]-[@B56]. Therefore, we hypothesized if this system was capable of detecting neuronal activity derived patterns in vibration then these two brain regions would be ideal for identifying differences. Indeed this is what we observed, in both hippocampal cultures and tissue a major frequency peak was present but no major frequency peak was identified in cerebellar sample unless chemically depolarized.

A \~3.4 Hz peak was observed in the hippocampal samples. Interestingly, this correlates with reported high amplitude theta oscillations in the hippocampus of neonatal rat pups [@B57]-[@B60] which have been detected even as early as 2-days old [@B61]. Similarly, synchronous bursting rates (1-10 Hz) have been reported in hippocampal cultures by our collaborators and other groups [@B62]-[@B64]. Conversely, very little is reported on spontaneous synchronized cell firing within the cerebellum of newborn rat pups. Synchronous firing in the cerebellum requires Purkinje cell innervation by climbing fibers and inferior olivary cells [@B65], [@B66] and at P0 these connections have not formed and development of Purkinje cells does not really begin to accelerate until P12 [@B56]. This might offer an explanation for no peak in the frequency spectrum. El Hardy *et al.* 2015, presented an experimental and theoretical model demonstrating the electrical component of an action potential in a single neuron is accompanied with a mechanical membrane surface wave driven by travelling axoplasmic fluid propagation [@B67]. Such mechanical waves could be responsible for displacement measured by the cantilever in these brain regions and in neuron cultures. However, it should be noted that the contribution of other cells, such as astrocytes, or additional mechanisms present in cultures and tissues that include astrocytic calcium wave propagation in observed vibration has not been investigated and might also explain differences observed between brain regions.

On-the-other-hand, RMS might be a more effective measure of overall neuronal activity with a capacity to detect non-synchronous neuronal firing as well. Interestingly, when activity was blocked by treating tissues with TTx, a decrease in RMS of 80 % from resting state was observed for both brain regions. Importantly, this is the same percent contribution reported for total brain metabolism attributed to neural activity and further supports the idea that RMS levels are correlated to metabolism, and in the brain this is primarily a result of neural activity. It will be important to confirm these theories by adjuvant techniques such as electrophysiology and metabolic characterization.

It should be noted that each tissue and cell vary significantly from one another and one should not compare vibration profiles between each group. Accordingly, whether vibrational analysis will be useful in cell-line studies, remains to be determined. Although no major frequency peaks were present for cell-lines tested, examination of additional cancer cell-lines might lead to the detection of important frequency signatures. However, the observation that brain tumor specimen vibration spectra were not replicated in tumor derived cell-lines, illustrates a general problem of studying cell-line models, that they often do not accurately reflect the primary tumor. This is especially true of malignant astrocytoma tumors, where brain tumor cells in culture are often genetically different from those in the brain as cells respond to different environmental cues. We speculate that vibrational profiling could play a role in rapidly screening cell-lines to detect those that more closely resemble a human brain tumor. Similarly, screening for vibrational profiles could be important in the study of other models that more accurately reflect tumors such as *in-vivo* tumor models.

In conclusion, utilizing sensitive vibration detection technology, we have obtained unique vibrational and metabolic signatures of brain tumor from cultured cells to tissues, and into the clinical setting. Across multiple levels of testing and validation of the set-up, we have for the first time, provided an acoustic character to glioma, meningioma and neocortex.

Methods
=======

AFM setup and data acquisition
------------------------------

We used a customized JPK NanoWizard® II AFM linked to a spectrum analyzer (RSA3300A, Tectronix) to record tissue vibration. The whole system is schematically described in Figure [1](#F1){ref-type="fig"}. The setup is comprised of three parts: An inverted light microscope which is used for a visual inspection of the tissue sample, a force measurement probe (cantilever) which is used to detect vibration, and a spectrum analyzer for real-time spectral analysis. In this case, the spectrum analyzer served to monitor the stability of the vibrational signal prior to recording, and to set an appropriate sampling frequency (2500 Hz). The AFM system and materials were housed in a custom-built incubation chamber that maintained a consistent temperature of 37°C with one exception, for supplemental experiments conducted at 21°C. Likewise, a pump, designed in-house, maintained a 5% CO~2~ environment. The pump was turned off during recording as it introduced an external source of vibration. The feedback loop was turned off after setting the distance to avoid low-frequency signal leakage into the recordings. For further offline analysis, 30 seconds of force fluctuations were logged from single neurons and brain tumor cells in culture, excised rat brain tissues and malignant astrocytoma, meningioma and neocortex tissue specimens. For each given cell culture and tissue experiments three 30 seconds segments of vibration signals were recorded. For all protocols independent experiments were performed on at least 3 separate biological preparations.

Calibration of the AFM system
-----------------------------

System calibrations were carried out as per manufacturing guidelines (JPK user\'s manual). Briefly, the cantilever\'s spring constant and resonance frequencies were determined prior to conducting the experiments. The nominal spring stiffness for cantilevers (BL-RC-150VB) of 0.005 N/m provided by the manufacturer (Olympus) was used to compare our experimentally derived spring constants that were determine for each experimental run. We experimentally determined the spring constant for each cantilever used using analysis of thermal noise during AFM system calibration. Soft cantilevers such as the ones used here are susceptible to thermal fluctuations. JPK\'s AFM software enables the user to calculate resonance frequency of each cantilever in EBS from the thermal noise spectrum recorded. The thermal resonance curve (dominant peak) can be fitted to Lorentz function, which allows calculation of the spring constant. The spring stiffness was experimentally calculated as 0.0049 ± 0.0005 N/m. The nominal resonance frequency of the cantilever was well above the frequency range of interest in this study.

Hippocampal and cerebellar primary cultures and tissue preparation and vibration recording
------------------------------------------------------------------------------------------

Dissociated hippocampal and cerebellar neuron and glia co-cultures were prepared from P0 Sprague-Dawley rat pups (Charles River, Wilmington). All experimental protocols were approved by and followed guidelines and standard operating procedures with ethics approval for all cell cultures and animal experiments and protocols obtained from the Health Science Animal Care Committee, University of Calgary. Culture dishes were treated with poly-d-lysine (Sigma-Aldrich, St. Louis) (50 μg/ml working dilution) overnight. Dishes were then washed trice with PBS and incubated for 3 h with mouse laminin (Sigma-Aldrich) at a final concentration of 10 μg/ml. Animals were anesthetized on ice and sacrificed by decapitation. Brains were then removed and placed into ice-cold dissection media (Hank\'s balanced salt solution supplemented with 8.4 mM HEPES pH 7.2, adjusted to 310-320 mOsm with sorbitol). Selected brain regions, hippocampi and cerebellum, were dissected out and meninges removed. For tissue vibration experiments, approximately 8×10^6^ μm^3^pieces from each of these dissected regions were used. For culture preparation, hippocampi and cerebellar were incubated in enzymatic solution with 20 μl/ml of papain for cell dissociation. After 30 min, cells were washed three times growth medium (BME (Invitrogen), supplemented with B27, penicillin, streptomycin and l-glutamine). Cells were triturated using three decreasing calibers of trituration pipettes and plated at 0.25×10^6^ (1 week cultures) 1×10^6^ cells (2 week cultures) per dish in growth medium + 4% fetal bovine serum (Invitrogen). Cultures were maintained with 4% Fetal Bovine Serum (FBS) for the first week to aid in establishment of the cultures; FBS is subsequently reduced to 1 % to restrict growth of the astrocytes.

For tissues and cell vibration recordings the cantilever was positioned at a distance of \~ 15 µm from the bottom surface of the dish and \~ 5 µm laterally displaced from tissue samples. Vibrations were recorded from tissue bathed in the following solutions: Resting state extracellular bath solution (EBS): (in mM) 135 NaCl, 3 CaCl~2~, 5 KCl, 2 MgCl~2~, 10 glucose and 5 HEPES, pH 7.4, 315 mOsm. High-K^+^ depolarization buffer: (in mM) 115 NaCl, 3 CaCl~2~, 30 KCl, 2 MgCl~2~, 10 glucose and 5 HEPES, pH 7.4, 315 mOsm. Ca^2+^-free High-K^+^ buffer: (in mM) 115 NaCl, 0 CaCl~2~, 30 KCl, 2 MgCl~2~, 10 glucose and 5 HEPES, 10 EGTA, pH 7.4, 315 mOsm. Tetrodotoxin (TTx) buffer: EBS + 1 μM TTx and sodium azide buffer: EBS + 1 mM NaN~3~. After recordings were made on neural tissues, each tissue was fixed for 48 hours in PBS containing 4% paraformaldehyde (PFA) at 4°C then transferred into EBS at 37°C and rerecorded.

Vibration of neurons in hippocampal and cerebellar cultures was recorded for cultures in EBS and in sodium azide buffer. Prior to each tissue or neuron in culture recording, solutions were equilibrated to 37°C in an environment of 5% CO~2~ and 95% of atmospheric air.

Brain tumor cell line preparation and vibration recording
---------------------------------------------------------

U178 cells were prepared and maintained in MEM supplemented with 10% fetal bovine serum (FBS) as per [@B68], [@B69]. HFA cultures were prepared and cultured as per Lawrence *et al.* [@B70]. BT048s, a BTIC line, were cultured from a resected specimen of a patient\'s malignant glioma according to Sarkar *et al*. [@B71]. For, vibration recordings we seeded 50 000 cells/well of the recording petri dish and allowed cells to attach and grow for 24 h. Vibration recordings were taken for each cell line following replacement of growth media with EBS recording solution.

Tumor cell oxygen consumption rate analysis
-------------------------------------------

Oxygen consumption rates (OCR) of the above prepared tumor cells in culture were measured using the Seahorse XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA) according to the manufacturer\'s instructions. Briefly, 50,000 (HFA, U178 or BT048) cells/well were grown on XF24 cell culture microplates, were switched to assay medium (unbuffered DMEM supplemented with 25 mM glucose, 4 mM glutamine, and 2 mM sodium pyruvate) and incubated without CO~2~ at 37ºC for 45 min. Next the mitochondrial function assay was performed with sequential injection of oligomycin (1 μg/ml; Enzo, Life Sciences, Brockville, Canada), carbonyl cyanide-4-trifluoromethoxyphenylhydrazone (FCCP; 0.5 μM; Sigma-Aldrich), and antimycin A (1 μM; Sigma-Aldrich) at the indicated time intervals. The XF24 is a fully integrated 24-well instrument that measures in real time the uptake and excretion of metabolic end products. Each XF assay kit contains a disposable sensor cartridge, embedded with 24 pairs of fluorescent biosensors (oxygen and pH), which is coupled to a fiber-optic waveguide. The waveguide delivers light at various excitation wavelengths (oxygen \_ 532 nm, pH \_ 470 nm) and transmits a fluorescent signal, through optical filters (oxygen \_650 nm, pH \_ 530 nm) to a set of highly sensitive photodetectors. Each fluorophore is uniquely designed to measure a particular analyte. Optical sensors for oxygen and pH in solid phase on the probe are positioned within the extracellular medium, where they detect real-time changes in oxygen and proton analytes, continuously and reversibly, as cells consume oxygen and extrude protons. Following the experiment cells in each well were counted by staining nuclei with DAPI to obtain accurate OCR per 1000 cells ratios.

Brain tumor and cortex specimen collection and vibration recording
------------------------------------------------------------------

Brain tumor and cortical tissues specimens were collected from patients during surgical resections by neurosurgeons at the Foothills Hospital, Calgary. Approval for collection of human tissue for the study was obtained through the University of Calgary Conjoint Health Research Ethics Board and informed consent was obtained from all patients prior to inclusion in the study. The University of Calgary Conjoint Health Research Ethics Board also scrutinized each experimental protocol in the study to confirm it followed institutional set guidelines and regulations and approval was given before commencement of the study. Upon target identification and dissection to maintain an ideal tumor-brain tissue plane, specimens were obtained from the lesion and sent for histopathology analysis. Additional tumor samples were then obtained from tumor core or lateral temporal cortex during for epilepsy focus removal surgery and dropped on to EBS and vibration analysis was immediately conducted. Following vibration recordings the tissue was fixed in formalin and H&E staining and imaging was performed all tissues. For malignant astrocytoma samples GFAP imaging was also done.

Data analysis
-------------

All data analysis in this project was conducted with custom written Matlab codes. The code reads out three repeats of force deflections for each experiment conducted with corresponding segmental times from the recorded raw data. The extracted force deflection signals are then plotted to reveal the time domain vibration patterns. To adjust for cantilever tip drift during recordings we de-meaned the signals. By dividing the force deflection points by spring constants used, we were able to obtain the vertical deflection signals, which then were used to calculate Root Mean Square (RMS) amplitude in the time domain. The customized Matlab program also computes Fast Fourier Transform (FFT) that converts the force deflection signals in the time domain to frequency domain. For spectral analysis, a major frequency peak was defined as frequencies with amplitude 10 db/Hz above the amplitude of their adjacent frequencies in Welch\'s power spectral density plots. The RMS results and frequency domain spectrums are plotted to compare the different groups.

Converting force signals to audio waves
---------------------------------------

Since most of the frequency clusters are below 20 Hz for cancer tissues in this study, playing back the original force vibration signals will not provide a distinguishing sound for different cancer types. Therefore, a frequency modulation method (frequency-shift keying) was implemented to transfer the vibration signals (baseband signals) through a sinusoidal carrier to a frequency range above 100 Hz. This sound could then be played back through common low performance speakers. This approach changed the pitch (frequency) of the audio tones. The technique also provided a stronger signal than the amplitude modulation as the signal-to-noise ratio is higher in this method. To avoid clipping effect, the modulated signal was normalized prior to converting to the wave signals.

Statistical analysis
--------------------

One-way ANOVA was used to compare mean RMS amplitudes in cases where more than two data groups were present. N-values represent biological replicates carried out for each cell-line, primary culture or tissue preparation. For each biological replicate 3 technical replicates were performed. Tamhane post hoc analysis was used to determine statistical significance. Independent t-test were used to compare mean RMS amplitudes were differences between two groups were analyzed. Normal probability plots were used to check the normal distribution of the frequency peak clusters for brain tumor and lateral temporal cortex specimens.
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AFM

:   Atomic force microscope

RMS

:   root mean square

PET

:   positron emission tomography

FFT

:   Fast Fourier Transform

EBS

:   extracellular bath solution

TTX

:   Tetrodotoxin

HFA

:   human fetal astrocytes

LTC

:   Lateral temporal cortex.

![**AFM contact-free detection system to measure cell culture and tissue vibration. (A**) Schematic of contact-free AFM detection system to measure tissue vibration and example light microscope images of cantilever approaching single hippocampal neurons in culture and hippocampal tissue pieces in recording solution. The probe is placed \~15 µm from the bottom surface of the dish. A planar wave propagation emanating from the sample is depicted as lines. Note: the cantilever, sample and waves are not drawn to scale. Laser deflecting off the cantilever tip is detected by a photodiode sensor and analyzed with the JPK AFM system and real-time spectrum analyzer to produce force deflection curve and frequency power spectrum plots respectively. **(B)** Representative time-domain deflection plots for empty dish containing no cells, a single hippocampal pyramidal neuron grown in culture for 1 week at resting state, and a hippocampal neuron treated with NaN~3~. The deflection RMS for each condition is quantified in the bar graph in **B**. **(C)** Sample Fast Fourier Transform (FFT) plots for each corresponding condition is shown. **(D)** An increase in cell vibration for neurons cultured from one to two weeks is evident in the quantified RMS bar graph (lower panel) and a major frequency peak at \~3.4 Hz was present in hippocampal neurons in two week cultures (top panel). FFT powers are represented as arbitrary units (A.U.). Bars in deflection plots represent mean RMS values ± SEM. \*\*\* represents p \< 0.001 Tamhane post hoc test. Scale bar = 30 μm.](thnov07p2417g001){#F1}

![**Brain region specific tissue vibration patterns.** Representative frequency spectrums for hippocampal tissues **(A)** and cerebellum tissues **(C),** according to treatment condition as labeled (resting, high K^+^ depolarization, high K^+^ buffer without Ca^2+^, 30 min 1 μM TTx treatment and 4% PFA fixation). **(B and D)** Representative time-domain deflection plots for each condition are quantified in the bar graph **B** - hippocampus and **D** - cerebellum. Power of frequency spectrums is represented as arbitrary units (A.U.). Bars in deflection plots represent mean RMS values ± SEM. \*\*\* and \*\* represents p \< 0.001 and p \< 0.01 respectively, Tamhane post hoc test.](thnov07p2417g002){#F2}

![**Brain tumor cell-line oxygen consumption rates and RMS.** RMS values resemble oxygen consumption rates for brain tumor cell-lines at resting basal conditions **(A**) Schematic representation of the bioenergetic experimental workflow and mitochondrial respiration data that is obtained. **(B)** Oxygen consumption rate (OCR) profiles are shown for each cell-line (fast growing glioma cell line (U178), slow growing cell line BT048 and human fetal astrocytes (HFA)). Green arrows indicate the time of addition of oligomycin (1 μg/ml), FCCP (0.5 μM), and antimycin A (1 μM) to evaluate different states of mitochondrial respiration. Graph shows average of 2 plates and each plate has 6-8 replicates. **(C**) The bar graph shows quantified OCRs (basal mitochondrial respiration) of each untreated cell line (before application of oligomycin. At basal conditions (resting state), OCR data follow a similar trend observed for deflection RMS plots of untreated cells. Data are expressed as mean ± S.E.M. (D) Bar graph depicting mean deflection RMS of untreated cultured cancer cell lines. Fast growing U178 cells have a higher RMS of vibration compared to a slow growing BT048 cells and HFA cells.](thnov07p2417g003){#F3}

![**Time domain RMS and Welch spectral analysis of brain tumor patients.** Quantified RMS values according to patient (Pt) and brain types are depicted in **(A)** LTC (Lateral temporal cortex), **(B)** glioma (malignant astrocytoma) and **(C)** meningioma for each patient studied.**(D)**Average deflection RMS for all human LTC, malignant astrocytoma and meningioma tissues obtained from the operating room is compared to baseline RMS recording. **(E-G)**Top panels: Representative FFT plots of force vibrations of LTC, malignant astrocytoma and meningioma. Middle panels: Representative Welch\'s power spectral density of LTC, malignant astrocytoma and meningioma. Lower panels: Scatter plots of dominant frequency peaks from all patient samples of LTC, malignant astrocytoma and meningioma demonstrating consistent spectral results between patients. FFT powers are represented as arbitrary units (A.U.). Bars in deflection plots represent mean RMS values ± SEM.](thnov07p2417g004){#F4}

###### 

Patient characteristics and pathology:

  Case\#   Age/Sex   Description-Pathology
  -------- --------- --------------------------------------------------------------------
  GPt1     44y/M     Astrocytoma WHO Gr 3
  MPt1     52y/M     Atypical meningioma WHO Gr 2
  GPt2     69y/F     Astrocytoma WHO Gr 4
  MPt2     58y/F     Meningioma WHO Gr 2
  GPt3     36y/M     Astrocytoma WHO Gr 4
  MPt3     47y/F     Meningioma WHO Gr 1
  EPt1     40y/F     Mesial temporal epilepsy, specimen - Right lateral temporal cortex
  EPt2     28y/M     Mesial temporal epilepsy, specimen - Left lateral temporal cortex
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